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A MEPHODFCRSIWDYINGTHETRANSIENTBIADE-FIAPPING

BEHAVIOROFLIFTINGRUJXIRSATEXTREME

OPERATING

ByAlfredGessow

CONDITIONS

andAlmerD.Crim

A methodispresentedforstudyingthe
flappingmotion,aswellasforcalculating

transientbehaviorofthe
thesteady-stateflapping

amplitudes,offree-to-coneandseesawrotorsoperatingatextremef~ght
conditions. Themethodisgeneralandcanbeappliedtobladesofany
airfoilsectIon,.mass&Lstribution,twist,plan-formtaper,rootcutout,
andflapping-hingegeometry.Stallandcompressibilityeffectscanalso
beaccountedfor.

Themethodisillustratedbyexa&iesofblade-stabilitycalcula-.
tionsoffree-to-coneandseesawrotorsattip-speedratiosequaltoor
greaterthan1.0andofthe-transientflappingresponse-ofa free-to-cone
rotortoarbitrarycontrolinputsata tip-speedratioequalto0.3.,

INTRCWCTIQN

.
Theflappingmotionofautogiroandhelicopterrotorbladeshas

shownitself,bothintheoryandactualpractice,tobeverystablefor
conventionaltip-speedratios(thatis,belowaboutO.~).Somedoubt
exists,however,astothestabilityofblademotionattip-speedratios
equaltoorgreaterthan1.0,a questionthatisofinterestinconnec-
tionwiththe“unloadedrotor”typeofhelicopteroperation.Atthese
extremetip-speedratios,.theaerodynamicandblade-inflexibilityassump-
tionsemployedinexistinganalysesoftheproblem(inrefs.1 to5, for
example)becomequestionable.Theaerodynamicfactorsintroducingthe
mostuncertaintiesintheseanalysesaretheassumptionsof“unstalled
bladesectionsandincompressibleflow,theneglectofthereversed-
velocityregion,andtheuseofsmall-angleassumptionsinconnectionwith
thesectioninflowandbladeflappingangles.

— . . .- .-
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,’

Itistheobjectofthispaperto
a methodfordeterminingthestability

developeqpations
ofbladeflapping

andtopresent
motionwhich

avoidstheno-stallandincompressibilityassumptions,aswellassome .
otherrestrictiveaerodynamicassumptionsthatarenormallyemployedin
rotoranalyses,andwhichproperlyaccountsforthereversed-velocity
region.Themethod,whichisapplicabletonumericalsoltiionbyauhmatic
computingmachines,canalsobeusedtoaccountfortheeffectsofstall,
compressibility,andhighrotorangle-of-attackoperationonthesteady-
stateflappingmotionatmoreconventionalhelicoptertip-speedratios
andtoccmputethetransietiblade-flappingresponsearisingfromarbitrary
controlinputs.Nospecifictermsareincludedintheequations,however,o
toaccountforbladetorsionalorbendingflexibility.The~thodis
illustratedbyexamplesofblade-stabilitycalculationsoffree-to-cone
andseesawrotorsattip-speedratiosequaltoorgreaterthan1.0andof
thetransientflappingresponseofa free-to-conerotortoarbitrarycon-
trolinputsatatip-speedratioequalto0.3.

SYMBOLS..

A-@l coefficients.of”-cos* and -sin*,respectively,in
expressionfor ~;therefore,lateral--andlongitudinal
cyclic-pitchangles,--y’espectively,deg

B tip:lossfactor(assumedeq&lto 0.97herein);bladeele-
unts outboard-ofradiusBR areassumedtohaveprofile
dragbutnolift

c bladesectionchord,ft

c% sectionprofiledragcoefficient.

Ce equivalentbladechord(onthrust-momentbasis),
BR

J /!!!
cr3dr ‘r3ti, ft “

‘c rc

dl?I

dL

sectionliftcoefficient

dragforceonbladeelement,lb

centrifugalforceonbladeelement,lb

inertiaforceonbladeelement,lb

liftforceonbladeelement,lb

.
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thrustonbladeelement,lb

offsetofcenterlineofflappinghingefromcenterlineof
rotorshaft,ft

gravitationalacceleration,ft/sec2

massmomentofinertiaofbladeaboutflappinghinge,

J

R
m(r- e)2dr,slug-ft2

e

massofbladeperfoutofradius,slugs/ft

centrifu@l-forcemomentofbladeaboutflappinghinge,
lb-l%

inertia-forcemomentofbladeaboutflappinghinge,lb-f%

thrustmomentofbladeaboutflappinghinge,lb-f%

weightmomentofbladeaboutflappinghinge,lb-f%

weightmmnentofbladeaboutflappinghingeatzeroflapping,

J’

R
mg(r- e)dr,lb-f%

e

helicopterrollingvelocity,radians/see

helicopterpitchingvelocity,radians/see

distancemeasuredalongbladefrmnaxisofrotationtoblade
e@nent,ft-..

bladeradius,t%

the, sec

resultantvelocityperpendiculartoblade-spanaxisatblade
element,ft/sec

componentatbladeelementofresultantvelocityperpendicu-
larbothtoblade-spanaxisand ~s, ft/sec

ccmrponentatbladeelemexrtofresultantvelocityperpendicu-
lartoblade-spanaxisandto shaftaxLs,ft/sec

. .. . . . .. . . . ____ ____ ____ .-— -——- .—..- .. .._
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v

v

x

as

%

P

-=
P,$

Yt

e.

‘.75
‘1
e

inducedWlow velocityatrotor(positivedawnward),ft/sec

velocityalongflightpath,ft/sec

ratioofblade-elementradiustorotor-bladeradius,r/R

anglebetweenshafttis andplaneperpendiculartoflight
path,positivewhenaxisispointingrearward,deg

blade-elementangleofattack,measuredfromlineofzero
lift,deg

bladeflappinganglewithrespecttoshaftatparticular
azimuthposition,radians

firstandsecondderivatives

firstandsecondderivatives
angle*

of jlwithrespecttotimet

of 13withrespecttoazimuth

massconstantofrotorblade, /cepR4Ih

collective-pitchangleatbladeroot,average
instantaneousblade-rootpitchanglearound

valueof
azimuth,deg

collective-pitchangleatO.~ bladeradius,deg

differencebetweenrootandtippitchangles,positivewhen
tipangleislarger,deg

instantaneousblade-sectionpitchangle;anglebetweenline
ofzeroliftofbladesectionaudplaneperpendicularto
rotorshaft,e.+ elx-Alcos~ -B1sin~,deg

Vsina8-v
inflowratio,

S?R

V cosa8
tip-speedratio,

S2R

.

0
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Subscript:

c

massdensityofair,slugs/cuf%

inflowangleatbladeelementinplaneperpendicularto
blade-spanaxis,

/
t~-lups~sj deg

bladeazimuthanglemeasuredfromdownwindpositionin
directionofrotation,&g

I
rotorangularvelocity,radians/see

radiusofcutout,thatis,radiusatwhichliftingsurface
ofbladebegi~

ME2HODOFANALYSIS

Reference-AxisSystem

Intheanalysisforthefree-to-conerotorasdevelopedherein,the
flappinghingemaybeoffsetradiallyfromthecenterlineofthes&ft.
Forsucha configuration,flappingandfeatheringmotionsarenutdirectly
equivalent,andallanglesandvelocitiesarethereforereferredtoan
axiscoincidingwiththecenterlineoftherotorshaft.Also,evenfor
zerohingeoffset,theshaftaxisisa convenientreferenceaxisforcases
inwhichtheeffectofarbitrarycyclic-orcollective-pitchinputonthe
bladetransientmotionisbeingstudied.Therotorshaftistherefore
usedasthereferenceaxisinthispaper,althoughitsometimesmaybe
moreconvenienttousetheno-featheringaxisasthereference,inasmuch
asitisindependentoffuselagemomentcharacteristicsandcenter-of-
gravitylocation.

Derivationof

Thedifferentialequation
free-to-conerotorbyequating
abouttheflaminghinge.The
figurel(a),andtheresulting

%-

Blade-FlappingEquations

ofbladeflappingmotionisderivedfora
thebladeaerodynamicandmassmoments
originofthevariousmomentsisshownin
equationis

~-M1-~.O (1)

.. ___.. . . . ... . .. .. . -— .-. — —- -.. —---- —.. . . . —.. —.. .— — -— —--. —. ..
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.

~ressionsforthemomentswillnowbederived.Thecentrifugal-
forcemomentis ,.

~ =JeR~2(r - [
e)e+(r-

1
e)cosJ3sinj3dr

but

JR
m(r- e)2dr=Ih

e

(2)

(3)

R

J
mg(r- e)cosBdr=~=M#cos ~ (4)

e
I

(Itshouldbenutedthat,because~ issmallinrelationtotheother
blademoments,thecosineeffectofa shafttilton ~ hasbeen ,.
neglected.)Afterequations(3)and(4)aresubstitutedintoequation(2),
theexpressionforcentrifugal-forcemomentbeccunes

Theeqmessionforbladeinertiamometiis

(5)

(6)

Theindependentvariablecanbechangedfrcunt to v asfollows:

.—.—.. —— -
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andequation(6)becomes

Theexpressionforthrustmcmentmaybewrittenwiththeaidof
figure1 as .

7

(8)

(9)

. .

Theprofile-dragcontributiontothe&rustbecomessignificantprimarily
inthereversed-velocityregion.atflightconditionsinvolvinghighinflow
anglesand-hightip-speedratios.It.isassumed,ofcourse,thatthecut-
out rc iseqmltoorLargerthanthe-offsete,sothatno‘momentis

computedforthatpartofthebladeinboardoftheflappinghinge.Let
. .

(10)

Substitutingequations(10)intoeq@ion (9)yields
.

%= $)CSZ?J~ U2(X- E)czCos# & +
xc

(II)

-— .__. ._ —. _______ . ....— .—-—
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Thesection
angle$ maybe
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nondimensionalresultantvelocity u andtheinflow
foundfromthefollowingequations:

(
1/2

u= UPS2 + 9S2)

%s=&co sEt-(x-E) F-LL&n13cos w+

(Notethat,forthesakeofsimplicity,fortermsinvolving
rollingvelocitiesineq.(13)thehelicopterisassumedto
rollabouttherotorhti.) .

ThesectionliftcoefficientC1 W dr% coefficient

(12)

(13)

(14)
n

(15)

pitchingand
pitchand

cd. canbe

fouqdfromappropriateairfoildata.Itshouldbenotedthatthemethod
doesndtrequireananalyticalrepresentationofthesectionliftanddrag
characteristics.Thus,theairfoilcharacteristicscorrespondingtothe
particularbladesectiona@ surfaceconditioncanbeused,andstall,
Machnuniber,andReynoldsnunibereffectscanbeaccountedforwhenever
they”aredeemedsignificant.

Thesectionangleofattack-canbefouhdfromthefollowingrelation:

%?
=&3+#

seo+elx-Alt30sy-B1sin*+@

#

(16) ,,

n

.— .— -- -
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InthisequationW theanglesareindegrees.

Substitutingequations(4),.(5),(8),and(n) intoequation(1)and
divid& throughby Ihf12yields

~

lpcl$+ B 2

f

1.0
.— u(x-g)czcos@+ 1U2(X- E)ck sin@ dx -
21h% xc

( *,
sinj3cosj3—t—

)
-;..==().

@h n%

Bydefinition,

“pd$
7’.=-

*h

andequation(17)becom&s .. .

/

1.0 “1u2(x- ~)c~ sin@ dx -
xc-

,

‘in+s’+a’-”wg’”o

(17)

(18)

(19)

If ~ isconsideredtobe a smallangle(thatis,lessthan20°),
asitusuallyis,theequationscanbesomewhatshplifiedinthat cos~
canbeassumedtobeequal.to1.0.Itwillalsobenotedthat,although
a uniform-chordbladewasassumedinthedevelopmentofthethrust-moment
equation,innumericalworkbladesofanyplanformcanbehandledjustas
simplybyallowingc toremainbeneaththeintegralsign.Theblademass
constant71,whichisofvalueforblade-motioncomparisonsbetween

. .. ... .. . . .. . ..—-. - -——. — ..—.-. —----- .-____— —. ,- .._- .———— -— . . . . . . --
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.
bladesofdifferentdesign,maythenberetainedbybasingy‘ onan

equivalentchordce equalto
J)
~c~dr n r3dr.
rc rc

Equation(19)isthebasicdifferentialeqmtion
flappingmotionofa free-to-conerotor.J&written,

describingthe
theaerodynamic

,.

part oftheequationisverygenerainthatitcanhandlebladesofany
airfoilsection,massdistribution,twist,plan-formtaper,rootcutout,
andflapping-hingeoffsetandcanaccountfortheeffectsofhelicopter
pitchingorrollingvelocities.Theeffectofflapping-hingegeometry
wherebladeflappingorlaggingmotionsresultinpitch-anglechangescan
besimplyconsideredbytheadditionoftheappropriatetermsinequa-
tion(16). SKLlandcompressibilityeffectscanbeaccountedfortothe
extentofusingactualairfoilsectiondatathatcorrespondtotheentire
rangeofangleofattackandMachnumberencounteredatallpointsofthe
disk,includingthereversed-velocityregion.(ThesectionMachnumber
issimplycomputedas uQR dividedbythespeedofsound’.) Nosmall-
anglelimitationshavebeenmade-.regaylingtheb-de inflowandflapping -
angles,althoughitisassumedintheanalysisthatthebladesarerigid
intorsionandinbendingandthatradialfloweffectscanbeneglected.
Theassumptionisalsomadethsttherotationalspeedisa constant.Such ‘
anassumptionisconsideredtobereasonableinthatsomeformofrotor-
speedcontroltillprobablybeinco~oratedinmostunloaded-rutorconfigu-
rationsbecauseoftheextremesensitivityy ofrotorspeedtoangle-of-attack
changesatthoseconditions.

The~ferentialequation”ofblademotionfortheseesawrotormay
bederivedinananalogousmanner,theonlydifferencebeingthatthe
momentsofeachbladeabouttheseesawhingeareeqyated;Theresulting
eqpationis .

L

(2sinpcosp - 2E\=o (20)

—. — .-—. ——.._ .—.. -— .- ——- - .- --- —.- — —-. ..—-.
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where ~ and ~ + m indicatethe instantaneousazimuthpositionsof the
twoblades. Itshouldberemeniberedthat,in~valuatingequation(13]
fortheseesawrotor,thesignsof
site.Thus,consideringoneblade

%?8=x8cos p-(x-

:xco8*+l&

~ ~ ~ foreach-bk-deare~o-
ata particularazdmuthposition~,

and,fortheoppositebladeat ~ + X,

9s =&cosp+(x-g)p+p8

;xcos*+~xsti*

SolutionofBlade-Flapping

Blade-flappingsmplitudeandstability

Sinpcosl$+

sinf3cos*+

I@ations

maYbestudiedbysolvinR
differentialequation(19)or (20)forthe-flafiingamplitud&~ as-a
functionofazimuthangle~. Becausetheequationsarenonhomogeneous
andnonlinearwithvaryingcoefficientsthatcontainintegralexpressions
whichbecomeverycomplexwhensuchitemsasstallandcompressibj.lity
arebeingconsidered,anexplicitsolutionisnotfeasible andnumerical
step-by-stepmethodsmustbeused.

Thesuggestedprocedureforsolvingequation(19)or(20)maybe
outlinedasfollows:

(1)Atsomeconvenientazimuthposition,assumearbitraryinitial
valuesof p =p=o.

(2)Computethethrustmomentatthisselectedazimuthpositionby
evaluatingthethrust-momentintegralatseveralradial.stationsand
integratingtheresultsbynumericalorgraphicalmeans.

(3)Solvetheresultingequationfor ~.

(4)Repeattheabovestepsatthenextsucceedingazimuthpos~tion
usingvaluesof ~ and ~ obtainedbyintegratingthequantity~.
TheRunge-Kuttamethoddescribedinreference6 issuitableforthis
phaseoftheproblem.

-. .-. . .--. .—-. .._. .. . . . . .. ----- ______ _________ - - ——-—— .—.— —— —. - .— —.
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{5) Cotitie tMs processat successiveazimuthpositionsuntil
.

~ eitherreachesa steady-statevalue(thatis,repeatsitselfperiodi-
cally)fora stableconditionordivergesforanunstableone.

Somesavingincomputingtimeispossible,particularlywhensteady-
statevaluesarebeingcomputed,byusingestimatedvaluesof ~ and ~
instep(1)ratherthanassumingthemequaltozero.

Physically,thebladeresponseascalculatedbythismethodmaybe
visualizedeitherasthatresultingfromthetransitionoftherotor
bladefromanarbitraryout-of-trimpositiontooneofequilibrium(for
a stablecase)or,alternatively,themotionresultingfromthesudden
releaseofa bladethathasbeenrestrainedfromflapping.

Themethodisalsoapplicabletocomputingthetransientresponse
ofbladerflappingduetoarbitrarycontroldisplacements(bymerely
insertinganydesiredcyclic-orcollective-pitchcontrolseqpenceinto
eq.(16)atsometimeaftersteady-stateconditionshavebeenattained).
Inaddition,themethodmaybeusedtodeterminesteady-stateflapping
valuesatflightconditionsoutsidethescopeofconventionalrotor
theory.

APPLICATI~S

Inordertoillustratesomeapplicationsofthemethodthatareof
currentinterest,theflappingstabillty ofa numberofunloaded-rotor
configurationsoperatingatextremetip-speedratios,aswellasthe
transientflappingmtiionoccurringduringa high-speedpull-upmaneuver
ofa conventionalhelicopter,wasinvestigated.Mostofthecasesthat
werestudiedinvolvedthefree-to-conerotor,buttwoseesaw-rotor
exsmplesareincludedforc%nparisonintheunloaded-rotorapplication.
Asidefromtypeofrotor,theprimaryvariablesconsideredarethetip-
speedratio~ andtheblademassconstanty‘.

CalculationProcedure

Theblade-flappingegyationswereevaluatedbytheRunge-Kirttamethod.
Azimuthtitervalsof20°wereused,exceptwherenoted.(Althoughthe
_-Wta methodentailscalculationsatintermediatestationsandis
thusmorelengthythansomeothernumericaJmethodsthatweretried,it
wasfoundtobemoreaccurate.) Thethrust-momentcontributionatsix
radialstationswasevalustedindeterminingthethrust-momentintegrals
ineqyations(19)and(20).Thecalculationswereperformedatthe
~ey kboratorybytheBellTelephoneLaboratoriesx-667Wrelaycom-
puter,andapproximately50minuteswasregyiredforthecalculationsat
eachazimuthpositionforthefree-to-conerotor.Intemnsofthemore

“

.—.- . . ________
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widelyusedIBM
decimalboard),
ties. Withone

CardProgramedElectronicCalculator(witha floating
theestimatedtimeperstationwouldbereducedto20min-
ofthehigherspeedmachines,suchastheRemingtonRand

UniversalAutomsticComputer(UNIVAC)orthe-IEMtype701electronicdata
processingmachine,themachinetimeperstationwouldprobablybereduced
tosomewhatlessthan1minute.Theseesaw-rotorcalculationsreqpire
abouttwicethet- asthoseforthefree-to-conerotor.

Thesectionliftanddragcurvesusedinthecalculationsareshown
infigure2 andareplottedforanangle-of-attackrangefrom0°to3600.
Thismethodofhandlingtheanglesofattackisparticularlyconvenient
forautomatic-machinecomputationinthatthereversed-velocityregion
ishandledinthesamemannerastherestofthediskandthustheuseof
specialinstructionsisavoided.~ ordertomakethecalculatedsection
angleofattackpositiveovera 360°range,3600shouldbeaddedto ~
whenever~, ascalculatedbyequation(16),isnegative.Thus,for
example,a negativeangleofattackof-30°,suchasmightoccurinthe
reversed-velocityregion,would,byadding360°,bee~ressedas330°.
valuesof cl and c% belowthestallarerepresentedinfigure2by
thecustomaryLLnearliftcurveandthree-termdragpolar,whereasvalues
abovethestallareapprmdmatelyinaccordwithwind-tunneltestsofair-
foilsthrough180°angleofattack(ref.7). Compressibilityy effectswere
notconsideredinthepresentexamples,although,aspreviouslymentioned,
themethodofanalysisiscapableofhandlingsuchfactors.Inaddition,
thebladeshadzerohingeoffset,wereuntwisted,andoperatedwithzero
cyclicpitch,exceptwherenoted.

Flapping-StabilityExamples

Free-to-conerotor.-Thecalculatedbladeflappinganglesata flight
conditioncorrespondingtoanunloadedrotorat ps= 1.0 (‘.75=

OO;

As = O.0~) are showninfigure3 for three differentmass-fa&ors. In
eachcasetheflappingmotionisstable,inthatsteady-statevaluesare
eitherreachedorapproachedina fewrevolutions,althoughsomeinitial
overshotiofthefinalvalueisevidentforthelightestblade(y’= 2.62).
Asanindicationoftheeffectofblademassfactoronflapping,themaxi-
mumsteady-stateamplitudesshowninfigure3 areplottedinfigure4 asa
functionofblademassfactor.Themaximumpositiveflappingamplitudeis
showntoincreasealmostlinearlywith Y‘;whereasthemaximumnegative
angle‘is,forthisparticularcase,almostindependentof y‘.

Theeffectofblademassconstantontheflappingstabilityand
amplitudeofa rotoroperatingata moreextremeflightcondition
(Ps= 2.2;e●75

= 00;& = 0.029)isshowninfigure5. Foreaseof
representation,theverticalscaleisvariedforthevariousvaluesof

. . - .-. .—..- —___ _____ .. . __ ___ ___ ______._. —--- ——— —.—. - - - —-
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7’ inordertoaccourrtforthelargerflappingamplitudesofthelighter “
blades. Themotionisseentobestableforallthevaluesof 7’ repre-
sented,althoughtheflapping@hangesfrompredominatelyfirstharmonicat
thelowestvaluesof 7+ toa prmninerrtone-halfharmonicatthe‘highest
valuesof 7’. Thedeviationofthedomhantfrequencyofthetransient
flappingmutionfromthemorenormalfirst-harmonicmutionistiscussed
inreference2 andmaybeattributedtothevaryingspringanddamping
termsintheblade-flappingegpationofmtiion.Thecurvesinfigure5
showthattheheavierbladestakea longertimetoreachthesteady-state
conditionthanthelighteronesdoandthusmaybeconsideredtobemore
sluggishinresponsetoa disturbance.Figure5 alsoshowsthatthe
steady-stateflappingamplitudesofthelighterbladesappeartobe
impracticald.ylarge.

Inordertodeterminetheeffectofazimuth-intervalspacingonthe
results,thecalculationsforthreevaluesof 7‘ infigure5 werecar-
riedoutintwoparts,thefirstpartwith40°incremetisandthesecond
partwith20°increments.Itappearsthatthelargerintervalwouldyield
aboutthesaneresultasthesmallleroneinsofarasthestabilityofthe
motionisconcernedandthatthesmallerintervalwouldprobablyyielda .,
moreaccurateresultfortheamplitudeofthe=teady-statemation.

.
FlappingstabiLLtyatanevenmoreextremeflightcondition(ps= 3.O;

‘.75= 20; As= -O.0636)isinvestigatedinfigure6. Themotionisseen
tobestablefor 7’= 0.10and0.42,althoughfor 7’= 0.42themution
includesa one-half-per-revolutionharmonicimposedonthebasicone-per-
revolutionfrequency.Fora lightersetofblades(7= 2.62),themotion
ispurelydivergentinlessthan1 revolution.

Seesawrotor.- Computationsweremadefortwoseesawrotorsinvolving
differentflightconditionsandblademassfactorsandareshowninfig-
ure7. Asinthefree-to-coneconfiguration,theheavierbladesshowa
relativelyslowresponse;whereasthelighterbladesshowthecharacter-
isticinitialovershoot.Itshouldbenotedthattheflightcondition
correspondingtothelight(7‘= 2.62)seesawbladesinfigureT(a)is
identicaltothatofthelight(7’= 2.62)free-to-conebladesinfig-
ure6. Althoughtheflappingsmplitudeoftheseesawbladesislarge
forthiscondition,itissignificantthatthemotionisstable;whereas
theflappingmotionofthefree-to-conebladesintheidenticalflight
conditionishighlydivergeti.Itthusappearsthatthepresentmethod
ofanalysiscouldbe

Thecalculation
controlinputsunder

usedtoindicatelikelyavenuesforimprovement.

Transient-ResponseExsm@e

oftransientresponseofa rotorbladetoarbitrary
conditionsinvol~ extremerotorstallwascarried

— ——.— — —.
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outbythismethodforthecaseof.a free-to-conerotoroperatingata
tip-speedratioequalto0.3.Thehelicopter~s assumedtobeunder-
goinga pull-upmaneuverwhichinvolvedtwoarbitrarysequencesoflongi-
tudinalcyclic-andcollective-pitchcontrolmovements.Fortheflight
conditionchosen,therotorisonlypartiallystalledinboardbeforethe
startofthepulJ-upandundergoesextensivestaUovermostofthe
retreatingsideofthediskduringthemaneuver.

Theresults of the calculationare plotted in figure 8, h wtichare
shownboththe blade-motionandcontrol-movementtimehistories. The
steady-stateamplitudeprior to the controlmotionwascalculatedas in
the precedingcases. Thesteadystate is very qtickly reached(within
2 revolutions)andtheamplitudeisreasonable.Whenthecyclic-and
collective-pitchcontrolsaremovedinaccordancewitha pull-and-hold
procedure,theblademotionrespondsalmostimmediatelyandreaches
a newsteady-stateemplitudethatisconsiderablylargerthanthe
amplitudeexistingbeforethe pull-w: If, ”instea~of a pull-and-hold
procedure,the controlsare partially returnedto their equilibriumposi-
tion, the maximumpositive f-lappingis reduced,as wouldbeexpected,
withbut little effect onthe maximumpegativeamp~tude. Itwillbe
natedthatthemaximumnegativeamplitudeislargeandthatthemethod
ofanalysispermitscalculationstobemadeforthestudyofblade-
clearanceproblemsinmaneuvers.Similarcalculationscanbemadeto
investigatetheeffectsofvaryingtherateandsmountofcontrolmotion,
thephasingbetweenthecyclic-andcollective-pitchcontrolsatvarious
flightconditions,andthe.effectofthepitchingorrollingvelocity
developedduringthemaneuver.

CONCLUDINGREMARIG

A numericalmethodhasbeenpresentedforstudyingthetransient
flappingbehavioraswellasforcalculatingthesteady-statebladeflap-
P*m~ion oflfiingr~orsOperattiatextremeconditionsinvolving
stallahdcompressibilityeffectsandatveryhightip-speedratiosand
rotoran&esofattack.Themethodcanbeappliedtofree-to-coneandsee-
sawrotorsandtobladesofanyairfoilsection,maasdistribution,twist,
plan-formtaper,rootcutout,andflapping-hingegeametry.

Themethodwasappliedtotheinvestigationoftheeffectoftip-
speedratio(equaltoorgreaterthan1.0)andblademassfactoronthe
flappingstabilityofunloadedfree-to-coneandseesawrotorsandthe
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b

effectofa pull-upmaneuveronthetransientbladeresponseundercon-
ditionsinvolvingextremestallata tip-speedratioequalto0.3.

kngley AeronauticalLaboratory,
NationalAdvisoryCommitteefor Aeronautics,

LangleyField, Va., November3, 19.
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